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Abstract. Besides operating jts own cnergy budget, ancaithquake acts as an agent transferiing a
much greater amount of energy among the }arth'srotation, elastic field, gravitation] field, and
internal heat. This paper computesthe CO-Seismigpbally-integrated gravitational energy change
induced by 11,015 largest earthquakes that occuriedduting 1 977- 1993 The result shows an
extremely strong tendency for the carthquakesto dcc]-ease the global gravitational encrgy. Thus,
enei gy is being extracted i om the Eaith's gravitational field by the action of earthquakes. The
average rate over the studied period is found to be rather constant at about 2.0 TW (TW:10%°
watt),larger by far than the 0.0067 TW for theaverage rate of the earthquake-induced rotational
energy increase and 0.0047 TW for that of total seismic wave energy release during the same. period.
Assuming the inabihty of the Earth in indefinite build-up of elastic energy, it isargued that
carthquakes, by converting gravitationa] energy, may contribute a significant amount to the global

heat flow.



1. Introduction

on anon-gravitating, non-rotating Earth, an earthquake operates a simple energy budget. Initially
stored as elastic energy at the fault, seismic energy is released intwo forms during an carthquake
process: local frictional heat and seismic wave cnergy which radiates outward and eventually
dissipates into heat as well.

For aself-gravitating, rotating Farth, however, other forms of mechanical energy are involved.
Besides producing the oscillatory displacement ficld (the scismic waves), the co-seismic action of the
faulting also produces a static displacement ficldinthe Earth. Integrated over the globe the mass
redistribution associated with this displacement ficld change.s the Far th's moments of inertia, and
hence itsrotation and rotational energy via the conscervation Of angular momentum. That problemis
treated in the companion paper by Chao & Gross (199'1). The displacement ficld also produces
changes in the gravitational field, and hence @iavitational energy, according to Newton's gravitational
law. This is the subject of the present paper. A theorcticaltreatmentunder idealized situations has
been given by Dahlen (1 977).

Chao & Gross (19s7, henceforth Paper I) have computed the co-seismic changes in the Earth's
rotation and gravitational field induced by 2146 major carthquakes that occurred during 1977- 19S5.
They found strongly non- random behavior in these changes. In pal-titular, it was found that
carthquakes have a strong tendency to make the Far thmore spherical and more compact. I’ bus, one
should expect a corresponding, decreasing trend in the global gravitation] energy. in this paper we
shall firstextendthe I-c.suits of Paper | to include 11,015 major earthquakes that have occurred during
the period from January 1, 1977 to July 31, 1993, Wc will then examine. their gravitational encrgy

changes and discuss the physical implications insofar as it relates to the global energetics.

2. Formulation

Anecarthquake faulting is here modeled as a point source with astep-function history which
occurs a some instant -0, giving rise, in the end, to a static displace.ment field u(r) in the arth. I-he
displacement u(r)is assumed to be infinitesimal so that linear theory suffices. The position vectorr
ofa materia particle refers to the I.agrangian (as opposed to Eulerian) description, allowing volume
integrations to be performed over the undeformed body in the linear approximation.

The change in the gravitational potential energy /-, is equal to the work done against the
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gravitational force by the Earth’s material undergoing the displacement u(). Thus, to first order,




AL = - [ p(r) u -g(r)dV (1)

where p(r)isthe mass density and g(r) the gravitational acceleration in the Earth, - denotes
(tensor) inner product, and the integiation isover the volume I of the Earth,
To obtain an expression for u(r) produced by a givencarthquake source, we follow Paperi and

employ the normal mode expansion (Gilbert 1970):
u(r) 0w )M E (), >0 2)

The asterisk denotes complex conjugation, w(r) is the eigenfunction of the A&thnormal mode of
the Earth's fice oscillation normalized accordingto [pufu,dl = 1, ©, and ¥, =4 [Vu, 4
(\"uk)] ] (where superscript T denotes transpose.) are the corresponding eigenfi equency and clastic
strain tensor, respectively. Equation (2) sums over the infinite set of normal modes. ‘1 he
carthquake has been assumed to be a point sourceat location r,. The seismic moment tensor w is
symmetric owing to the indigenous naturc of the carthquake which exertszeronetiorque. The
advantages of using normal modes in both formulation and computation have been pointed outin
Paper |: Since the eigenfunctions already accountforthe elastic and gravitational forces as vw]] as
the physical boundarics in the arth, none of these complications need be taken into explicit
consideration in equation (2). Furthermore, this formulationlends itself to a particulatly efficient
algorithm in computation (sce below).

For simplicity, we fix the origin of the coordinate system at the Earth's center of mass. We
consider normal modes belonging to an Izarthmodel which isaspherically sSsmmetl-it,, non-rotating,
elastic and isotropic (so-called SNRY:1) approximation of the1eallzar th. Since the Earth's departure
fiom such an SNREI mode] is relatively small(the rotation and the ellipticity, by far the largest
dewiations, are only of the order 1/300), the error committed in the eigenmodes isnegligible to this
order. “I-he density distribution is then a function of radizl distance only, i.e.,p (¥} = p (+). The normal
modes u,. of an SNRE] Earth arc of two kinds: spheroidal and toroidal. The toroidalmodes, being
divergence-free, have no effect on the mass density and drop out of the summation (2). The

spheroids] modes can be written as

onlm(r) =P Un/(") Y/m (6>A) + Vn/(r) Vl Ylm(e’}") (3)

-3 --




where “ denotes unit vector; »,/, m are respectively the overtone number, degree and order of the
normal modes (,/= 0,1,2,..., m=-1..,~1);U ,V, are the radia eigenfunctions; Y, are the fully
normalized, complex surface harmonic functions of latitude 8 andlongitude A; and V,isthe surface
gradient operator: 08,+Asec08,. Theradialcigenfunctions and the eigel~fregticr]c.its, being
functional of the interior structure of the Farth, are independent of the order i because of the
assumed spherical symmetry.

In an SNRE1Earth model, the gravitational acceleration g(r) is given by

e() 41 G i p () r2ar' /i 4)

where G is the gravitational constant. Substituting equations (2-4) into (1) vields
AFs GM LK, ofr) (5)

where

Ho=85 0 2 [ o) U [ [ pC)r? ar) ar (6)
The cigenfi equency »,,; is that of the (n,/)th multiplet, while E, ;= is the strain tensor associated
with the (n,/, m)thsinglet mode. The summation is over the infinite set of spheroidal ov ertones for
I O. “l-he algebra has been greatly simplified thanks to the orthogonality of the spherical

har monics. Note that the horizontal displacement associated with the second termin the

spheroidal mode (3) has no effecton AZ., and hence diops out of equation (6).
3. Results

3.1Changes in the Earth's Rotation and Gravitational Field

Toputthe present study in perspective, we first revisit and extend the results of Paper 1. Paper
I computed the changes in the Earth's rotation and |o]~-degree gravitational field caused by 2146
major carthquakes that occurred during 1977 -- 19S5. The earthquake data were taken from the

Harvard catalog of seismic centroid-moment tensor solutions. For-the SNREI Earth model and its




cigenelements the 10668 Model of Gilbert & Dziewonski(1 975) was adopted. Herewe recapitulate
amajor finding Of key bearing onthe present study. That is, extremely strong statistical tendencics
of non-randomness were found in the carthquake-induced changesin the following parameters: the
dynamic oblateness (J,), the trace of theinertia tensor (7), thelength of day (1.OD), and the sum
(I,11,,) of as well as the difference (J+) between the two equatorial principal moments of inertia.
They areall inclined toward negative changes, indicating the tendency of carthquakes to make the
Farthmore spherical and more compact by pulling in mass toward the interior of the Earth.

The present paper extends the computation to include amuch greater number of carthquakes
whose moment tensor solutions have become av ail able since Paper 1, altogether11,015events. These
a1 ¢ events with body-wave magnitude larger than about 5 that have occurredduring 1977- 1993
(Dziewonskictal 1993, and references therein) The cumulative changes of the five parameters
named above are shown in Figure 1. For1977-1985 the time seiies are visually indistinguishable from
those in Paper 1 because the additional events for this period arc relatively small. The continuation
of the trends past 1985 in a virtually linear fashion is remarkable.

Following Paper 1, our task here is to examine these trends quantitatively by means of two
statistics in testing the randommess of the changes:the no rmalized »” statistic of the sign of the
changes and the normalized Wilcoxon statistic 17 on the rank sum. Non-random changes arc indicated
by large % * and1¥ values (compared, say, against the following sclected critical values: ¥ =+ 6.63 and
2233 a the 1% significant level;%”:10.83and 1 :-33.00at O. 100 significantlevel). The
statistics arc computed for "All Events” and a subset of”1 .arge Events Only”. The latter consists of
those 945 cvents with scalar seismic moment larger than 3.6 x 10N m which nominally
corresponds to a body-wave magnitude of 6.0 (Giardini 19$4). *I-his subset presumably contains few
aftershocks. The results are summarized in ‘1'able 1. Strong tendencies in the above-mentioned
parameters in Paper 1 are generally found to be even stronger here. On the other hand, random
changes in other parameters (indicated by ma]] 7 and ¥ values) remain random, such as the zonal
gravitational coefficients ./, with / greater than 2. Instead of presenting the details, we state that our
extension of Paper |, now based on amuch larger statistical sample, strengthens the conclusions of

Paper 1.

3.2 Gravitational Energy Change

Using equations (5,6) we then compute the change in the gravitational potential energy A g due
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to those 11,015 earthquakes as above. The convergence of the summation is rapid, usually with the
value of A}i;g obtained afier summing only two overtone modes being well within 1% of its final
~'able, although we actually summed over 26 overtone modes having periods longer than 45 s. *]-he
cumulative A]{g(l) is plotted in Figure 2.

“I-k statistics of Al are aiveninthe last entry of Table 1.1 ike the parameters named above, A I
also exhibits an extremely strongtendency for negative values. This phenomenon, hotsurprisingly,
is consistent with the finding thatearthquakes tend to make the Earth more spherical and more
compact by pulling in mass toward the interior of the :arth. Inparticular, a comparison of the AL
and A7(7) (the cumulative chance in the trace of the Earth'sinertia tensor) shows a remarkable
similarity (Figures 1 b and 2). A comparison of equation (1) with the expression A7 =4[ p (:)u(r)rd)
(sce cquation 19 of Paper 1) provides a qualitative explanation. Since - g and r are virtually parallel
(equation 4) and since the primary contribution to theintegrals conic.s from near surface where the
displacement u is largest and where the small variations in g and I arc inconsequential, the two
integrals arc virtually proportionzlto each other (also cvidentin Table 2, sce below). in fact, we
found that their signs are identicel.

FromFigur e 1, theaverage rate of thiscarthquake-induced gravitationaleneray release is about

-6.3 » 10°)yr'!, or -22.0 terrawatt (or TW 102 watt), during 1977-1993,

3.3 Asample 1 st

YFor the pui pose. of illustration, we single out in Table 2 the computed Az, for the following seven
largest carthquakes inrecent ciec?.ties (with seismic moment A7, exceeding 107} N m):

l:ventl:  May 22, 1960, Chile

FEvent 110 March 2S, 1964, Alaska, USA

Event 111: August19,1977, Sumba, Indonesia

Event 1V: March 3,1985, Chile

FEvent vi  September 19, 1985, Mexico

EventV]: May 23, 1959, Mzcquarie Ridge

Event V1I:June 9, 1994, Bolivia
‘I-he source mechanism of EventsI and 11, not included in the Harvard catalog, are taken from
Kanamori & Cipar (1 974) and Kanamori (1970), respectively. Event V11 in 1994 is also outside our

studied period. It isadecp-focused event and has the largest seismic moment since Event 111in 1977.
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s seismic moment tensor solution (adopted fromthe preliminary Harvard catalog) is considered

preliminary at this writing,

4. Geophysical Discussion

The direct energy release by an earthquake consists of local frictional heat and radiated seismic
wave energy. Kanamon (1 977) has shown that, under certain general conditions, the two forms of
encigy release are comparable in quantity and that the scismic wave energy, /2., is proportional to

the. scalar seismic moment M inthe following empitical relation:
F e Ma /(2% 107) (-1)

With the M, provided by the larvard catalog, the cumulative /2 (7) for the studicd car thquakes
arc computed and shown in Figure 3.1 he time 1ate of /+,.(7) israther constant and average about
0.0047 'TW during 1977-1993.

Table 2 also gives /<, for the seven carthquakes examined above, and the.ir ratio|A TON IO his
1atio is on the order of 10%, except for Fvent Vliwhich is considerably smaller. ‘I-his can be
understood qualitatively in light of the following: (i) The gravitational acceleration isabout 300 times
the centrifugal acceleration near the Earth's surface. Since the dominant contribution to the encrgy
intcarals (equation 1) comes from near surface where the largest displacement occurs, we expect (as
first pointed out by Dahlen 1 977) in general AJ, tO be typically 300 time.slarger in magnitude than
the corresponding change. in the Earth's spin cneray, AZ< Event Vilis somewhat anomalous by being
smallerin this ratio presumably becuase of its deep focus and its particular source machanism. (ii)
A inturn, is computed in the companion paper Chao & Gross (1994) (A /< is directly proportional
to - ALLOD, see Figure 1 ¢). It is found to be 1} pically about 3 times the magnitude of /-, except for
events that are predominantly stiike-slip, such asEvent VI, which has a relatively smaller effect on
the spin and gravitational change. The time rate of increase of AZ-(7) is about + 0,0067 ‘I-W during
1977- 1993 (Chao & Gross 1994), indeed 300 times smaller in magnitude than the AL, rate.

‘I-bus, our observation so far is that netenergy is being extracted by carthquakes from the

coravitationalfieldatarate whichisseveral hundred times larger than the seismic wave energy release,

while at the same time being pumped into the Earth's spin by earthquakes at a rate comparable to the

seismic energy release.




1.ct us then focus on the dominant gravitational energy loss. Assuming an Earth model under
mechanical equilibrium prior to the earthquake, Dahlen (1 977) showed that the sum of earthquake-
induced changes in the gravitational and spinenergy is co~Intcr-balanced by changes in the elastic
energy associated with the prestress integrated over the entire IZarth, except on the fault surface
where the excess €lastic energy can beidentified with the seismic wave energy. The latter energy
involved being relatively small (as described above), the primary energy effect of earthquakes would
have to be a net energy transfer from the gravitationalficldto the elastic field. This would mean an
overall build-up of eastic energy in the Earth, contrary to the general notion that seismicity acts to
ichevethe Earth's elastic energy.

Toresolve the dilemma, we examine Dahlen's(1977) energy balance which is based on a pre-
seisinic initial condition of” a (ze]-olh-order) mechanical equilibrium of the prestress with the body
force (gravitational force plus rotational centrifugal force) The (first-order) work done by the
displacement field against the actionof the body force then balances with that against the prestress,
except at the. fault surface. The precise energy balance happens afier an indefinite period of time over
which the Farth relaxes (anelastically) to the. same equilibrium condition. The reality, however, must
deviate to first-order from the idealized equilibrium initial condition, otherwise earthquakes would
not occur spontaneously in the first place. Morcover, this initial condition is, strictly speaking,
violated because an earthquake would create for the next carthquake an elastic stress field in the
Earth that destroys thatinitial condition it itself enjoved. I’bus, for a given earthquake the net co-
seismic change in the gravitational energy does not necessarily lead to a compensating change in the
clastic energy in the Earth. Exactly how much gravitational cnergy isconvertedto elastic energy
depends on the nature of the initial condition for the carthquake. Ultimately, however, the long-term
destination of the net gravitational energy 10sSisof greaterinterest,

First we shall make two observations: (i) The statistical trend we have found in the carthquake-
induced changes in the Earth's spin and the gravitational field and the associated gravitational energy
is a long-term geophysical process. ‘I-his is because the sign of these changes is dictated by the
carthquake source mechanism, and thelatter in turn is dictated by the grand scheme of plate tectonics
which operates on time scales longer than millions of years. The fact that earthquakes strive to reduce
the gravitational energy supports the notion that the ultimate driving force for earthquakes is probably
gravity. This is consistent with the assertion of Forsyth & Uyeda (1975) and Backus et al. (198 1) that

the gravitational pull on the subducting slabs is the main driving force for tectonic plate motions. (ii)




The Earth obviously does not sustain a net, long-termbuild-up of elastic stress. Asin any (natural)
heat cnginc operating under the second law of thermodynamics, the bulk (if not all) of any increase
in the elastic encrgy (such as that converted from gravitational energy by earthquakes) will eventually
be dissipated by internalfrictionand findits way into heat whether scismically or aseismically.
Conccivably, some oft his energy, and indeed some of the earthquake-induced gravitational energy
decrease, can turninto other forins of mechnical energy, such as backinto gravitational energy in the
P1OCCSSof crustaluplifiingormountainbuilding, but thisamount appears relatively trivial for the
Iarth(Verhoogen 1 980).

We conclude thus far that the primary energy cffect of carthquakes is an ot’era]] transfer of
oravitatio nalenergy into terrestrial heat, a a rate of?. O TW during1977-1993, severalhund red
times that rcleased by the earthquakes themselves through faulting. How large is Ibis energy, and
what role does it play, in termsof global energetics?

The total heat flow of the Earth is about 40 1W.In the. mantle heat engine, this total heat flow
provides power to drive allinternal geophysical processes, including tectonic plate motions. Staccy
(1 977) estimated the power needed 10 drive mantle convection, which is ultimately responsible for
plate tectonics, to be on the order of 1 TW. It isinteresting to note that A/:, rate is more than
adequate 10 supply for the plate motions. Thisseemstosuggest a positive-feedback mechanism in
the 1larth's encrgetics: Under the action of gravity, the mantle heat engine (40 TW) drives, among
othar s, the platemotion 1 TW). The plate motions,inturn, cause carthquakes. These earthquakes,
besides radiating seismic encrgy (0.0047 TW during 1977- 1993), trigger a release of gravitational
energy (- 2.0 TW during1977-1993). The latt erencrgy adds to the heatengine to help drive various
geophySicalprocesses,including the plate motions and carthquakes.

The contribution of A7, to the total global heat flow can be surprisingly large. During 1977--1993
it only amounts tosw. This period, however, is belicvedto be low in seismic activity judging from
past records in this century (e. g., Kanamor 1977). Yorexample, the seismic activity during
1950- 1965 is probably an order of magnitude higher,implying that a contribution aslarge as 50%
may not be impossible. In particular, a total of 1.3%10° J of gravitational energy was released
during 1960-1964 by Events | and 1T alone (Table 2). ‘I’ his energy equals 10 years worth of the total
global heat flow! This energy release is distributed globally and will not be sensed immediatelyon the
Earth surface because of the long time lag of thermal conduction in the mantle.

A final conclusion then isthat earthquakes appear to contribute a significant fraction to the total
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global heat flow by converging gravitational encrgy into terrestrial heat. The terrestrial heat isbelieved
to come primarily fiom two sources: (primordial) gravitational energy and internalradioactivity. Both
arc potentially suflicient to account for a majority of the observed amount; but their present share is
rather uncertain (€. g., Verhoogen 1980). Inthe case of gravitational energy source, a substantialiole
may be played by the separation of the outer core and that Of the inner core (e. g., Verhoogen 1950).
Our study, in contrast, demonstrates that carthquakes, concentrated near the Earth sur face and active
at the present time, may be animportant mechanismin converting gravitational ¢ nergyint o heat. The
latter happens as part of theplate tectonic motion which, in turn, is a manifestation of the mantle heat

engine.
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Table 1. Statistics of the predicted carthquake-induced changes in: the zonal J, (=2~ 5) cocflicient

o f the gravitational ficld; the trace 7 of the inertia tenser; the length-of-day 1.OD; the sum Of th,two

equatorial principal moments of inertia /. /,,;the noi redlized (positive) difierence J;,;betwicenthe

two equatorial principal moments of inertia; longitude ¢, of the (equatorial) principal axis of least

moment of incrtia. listed are the normalizedy? Statistic of the signof the changes (A s being the

diffcrence between the positiveandnegativesigns), and the normalized Wilcoxon statistic 1 of the

rank sum, for 'All¥vents' and Targe 1= vents Only'.

A,

Ay

A,

WA

AT
A1.0D
50,1,
ANy
Aoy

A ]*,g

Al Events (11,015)

»

P (As)

62.1 (-s27)

0,60 (-s1)
032 (59)
301 (-1s21)
147 (-1273)
131 (-1701)
131 (-1201)
11.1 (-349)

301 (- 1821)

4

Large Fvents Only (9453)

it

Y& (As) W
12.6 (-109) -3.63
214 (45) 0.93
0.3s (-19) -0.s5s
0.086  (-9) 141
743 (-265)  -10.6
27.4 (-161) -6.98
32.4 (-175) -6.90
222 (-143) 433
233 (-47) ~-0.06
s 74.3 (--265) 104
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I’able 2. Predicted energy changes for six great earthquakesin recent decades.

vent |

M, 10PN m)  (270)

k(101 13.5
: 18 - S
AL, (1078 ) 8510
AL, 630

Fig. 1, Cumulative changes, inducedby 11,015 major earthquakes during 1977-199.3, in: (a) the
zonal J, (& 2- 5) coeflicient of the gravitational ficld; (b) the trace 7" of the inertia tensor; (c) the
length- of-day 1LOD; (d) the sum of the two equatorial p rincipal moments of ineitia 7, 4/, () the

normalized (positive) diffeience /o, between the two cquatorial principal moments of incitia, The

11 m Py V VI
(75) (3.6) (1,0) (1.1) (1.9
38 0.)s 0050 0.055 0.070
-4490 228 -69 -6 -11,6

11s0 1270 1380 1105 170

Figure Captions

Vi1
(3,0)

Eaith's spin energy change iS proportional 10A1.01) as indicated in (c). ,

Fig. 2. Cumulative gravitational energy change in the Iarth induced by 11,015 major earthquakes

that occurred during 1977-1993.

Fig. 3. Cumulative seismic wave encrgy of 11,015 major carthquakes that occurred during

1977-1993.
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